Normal aging is typically accompanied by a decline in many cognitive and motor functions. An increasing body of evidence suggests that both a general slowing of processing speed and dysregulation in specific brain regions---particularly the frontal lobes---contribute to this decline (e.g., Bugg et al., [@B6]). In line with this, an influential model of cognitive aging proposes that reduced inhibitory control, resulting in increased distractibility, is one of the main factors of age-related cognitive decline (Hasher et al., [@B20]). However, "inhibition" refers not to a specific phenomenon, but to a variety of cognitive functions and processes, each of which might be differently affected by aging (e.g., Kramer et al., [@B27]; Nigg, [@B36]; Andres et al., [@B1]; Collette et al., [@B9]; Verhaeghen, [@B65]). Correspondingly, evidence for age-related inhibitory deficits have been observed in some studies, but not in others, depending on the type of inhibition under investigation (see Maylor et al., [@B30], for examples). Furthermore, even a seemingly unitary inhibitory process like the suppression of a motor response might show divergent patterns of results, depending on the tasks employed to test it. For instance, investigating response suppression in a Simon and in a priming task, Burle et al. ([@B7]) obtained positively correlated results, suggesting a common underlying mechanism. In contrast, Swick et al. ([@B58]) found that response suppression in a go/nogo and in a stop-signal task relied on only partially overlapping cortical and subcortical structures, suggesting distinct underlying mechanisms.

If even an apparently specific instantiation of inhibition like response suppression might potentially involve various (sub-) processes, each of which might or might not be affected by aging, then it seems advisable to investigate age-related inhibitory deficits using a narrowly defined, highly specific type of inhibition. The present study used the inhibitory component of masked prime-induced motor activation for this purpose.

Motor activation and inhibition in the masked prime paradigm
============================================================

The masked prime paradigm is an experimental procedure aimed at investigating low-level, automatic visuo-motor control processes (e.g., Eimer and Schlaghecken, [@B13]). In this task, participants give a speeded motor response to a simple visual target (e.g., a left-hand key-press to an arrow pointing to the left). Each target is preceded by a prime stimulus, which is associated with either the same response as the subsequent target (compatible trial), with a different response (incompatible trial), or is without response assignment (neutral trial). Primes are presented very briefly (e.g., 33 ms) and are followed by a patterned backward mask. This makes them unlikely to be perceived consciously (near-threshold or subthreshold presentation), as evidenced by participants\' informal verbal reports and by their inability to identify primes with more than chance accuracy (Schlaghecken and Eimer, [@B45]; Eimer and Schlaghecken, [@B13], [@B14]). Yet these primes can be shown to trigger their corresponding motor activation, thereby influencing responses to the subsequently presented, clearly visible targets.

The priming effects typically present a biphasic pattern (e.g., Aron et al., [@B3]; Seiss and Praamstra, [@B53]; Schlaghecken and Maylor, [@B48]; Sumner and Brandwood, [@B56]): when prime and target are presented in immediate succession, responses are faster and more accurate on compatible than on incompatible trials (positive compatibility effect, PCE); if target presentation is slightly delayed (by about 100--250 ms), the priming effect reverses (negative compatibility effect, NCE), a pattern indicative of an activation-followed-by-inhibition sequence. Interestingly, it has been found that in healthy older participants, the initial PCE is of approximately the same magnitude as in young participants, whereas the subsequent NCE is much reduced or even absent (e.g., Seiss and Praamstra, [@B53]; Schlaghecken and Maylor, [@B48]; Schlaghecken et al., [@B42]), suggesting that motor inhibition, but not prime-induced motor activation, deteriorates with old age. In contrast to these results, however, Sumner et al. ([@B57]) observed robust NCEs in older participants, suggesting intact motor inhibition. In fact, an analysis of the priming effects of 80 older adults revealed large individual differences in the NCE latency range, with some participants producing "normal" NCEs, but others showing PCEs (Schlaghecken et al., [@B42]). In that study, no predictor for these differences could be identified. However, it seems likely that the NCE reflects the combined activity of more than one inhibitory process (see, e.g., McBride et al., [@B31], for a review), complicating the pattern of deteriorating and spared functions. Thus, it might be interesting to employ a simpler measure of low-level motor inhibition to investigate age-related and individual differences in motor control.

In the typical 2-alternative choice reaction time (RT) task, the PCE comprises behavioral benefits (improved performance on compatible relative to neutral trials) and costs (impaired performance on incompatible relative to neutral trials) of approximately equal magnitude (Aron et al., [@B3]; Schlaghecken et al., [@B44]). These effects are generally assumed to reflect activation and inhibition processes in the visuo-motor system (rather than, for instance, processes of perceptual or attentional modulation, e.g., Schlaghecken and Eimer, [@B46]; Boy and Sumner, [@B5]). That is, the masked prime is assumed to directly activate its corresponding motor response (e.g., Neumann and Klotz, [@B34]; Kiesel et al., [@B25]), resulting in performance benefits when the target requires execution of this same response (compatible trial). Importantly, it is further assumed that the activity level of one visuo-motor channel systematically affects activity in competing channels via reciprocal inhibitory links. Thus, once the prime has activated its corresponding motor response, this increased activity in one channel will cause a corresponding decrease of activity in the alternative response channel, resulting in behavioral costs when the target requires execution of this inhibited response (incompatible trial).

The feasibility of separating direct prime activation and indirect competitor inhibition has been demonstrated in a masked prime experiment where responses had to be given by moving a finger from a central "home" location to one of two or four target locations (Schlaghecken et al., [@B44]). The logic behind this manipulation was as follows: (1) if masked priming effects are located at the level of motor response codes (rather than either at abstract "left" or "right" codes or at specific muscle commands; see Eimer et al., [@B15]; Schlaghecken et al., [@B47]), then they should be unaffected by the type or number of effectors, that is, a single-effector choice RT paradigm should yield the same effects as a two-effector choice RT paradigm; (2) if behavioral benefits on compatible relative to neutral trials reflect a direct ("local") activational effect of the prime, then benefits should remain unaffected by the number of response alternatives; and (3) if behavioral costs on incompatible relative to neutral trials reflect indirect ("global") inhibition of alternative response channels via reciprocal inhibitory links, then costs should decrease with increasing numbers of channels participating in this inhibitory network. Schlaghecken et al. ([@B44]) obtained results exactly in line with these predictions: whereas benefits were virtually identical in the 2- and the 4-alternative condition (9.4 and 9.3 ms), costs were substantially reduced (from 14.2 to 4.6 ms) with the increased number of response alternatives, confirming that direct activation and reciprocal competitor inhibition processes can be successfully dissociated in the masked prime task, even when different responses are given with the same effector.

Reciprocal inhibition and aging
===============================

Reciprocal inhibitory links appear to be an inherent feature of the perceptuo-motor system, such that activation of one response channel causes a corresponding inhibition of its competing response channel(s) (e.g., Duque et al., [@B12]; Tandonnet et al., [@B60]; for a review, see, e.g., Burle et al., [@B8]). This competitor inhibition is established in a task-dependent manner, not merely through reciprocal inhibition of homologous cortical structures (e.g., Meynier et al., [@B32]), and might critically depend on pre-supplementary motor area (pre-SMA) circuits (for a review, see Mostofsky and Simmonds, [@B33])[^1^](#fn0001){ref-type="fn"}. Note that this type of inhibition differs from top-down, frontally mediated inhibitory control: it is not the (voluntary) suppression of an incorrect response tendency, but the automatic, feed-forward fine-tuning of the desired response through the suppression of any competing motor activity.

Of particular interest in the present context is the finding that reciprocal inhibition appears to deteriorate with age. This has been demonstrated for both intra-hemispheric (Hortobágyi et al., [@B22]) and inter-hemispheric (Talelli et al., [@B59]) task-specific inhibition during single responses. Furthermore, van de Laar et al. ([@B62]) have suggested that the same might be true for choice (between-hand) reactions. However, inhibitory links and their age-related changes in the intermediate condition---a choice RT task employing a single-effector---have, to the best of our knowledge, not as yet been investigated. Finding age-related changes in motor inhibition in such a paradigm would demonstrate that aging does indeed affect *ad-hoc*, task-related perceptuo-motor links, not just anatomical links between antagonistic muscle pairs or homologous motor cortex areas.

The present study, therefore, employed the paradigm used in Schlaghecken et al. ([@B44]), where single finger movements were mapped onto different targets under 2- and 4-alternative response conditions. We compared performance of young and older participants in this paradigm, aiming to replicate and extend the earlier findings by separating the effects of aging on direct motor activation and on reciprocal motor inhibition.

Aging, inhibition, and processing speed
=======================================

It is generally agreed that the speed of information processing decreases with increasing age (e.g., Salthouse, [@B40], [@B41]). This is likely due to a combination of reduced nerve conduction velocity (e.g., Stetson et al., [@B55]) and age-related loss of synaptic connections (e.g., Fjell and Walhovd, [@B17]), resulting in an overall deterioration of functional neural networks (e.g., Andrews-Hanna et al., [@B2]; Damoiseaux et al., [@B10]) and a corresponding deficiency in the formation of neural representations (e.g., Rousselet et al., [@B39]).

A typical measure of processing speed in many aging studies is the digit symbol substitution task (DSST; see Hoyer et al., [@B23]). As a subtest of Wechsler intelligence scales, the DSST correlates highly with intelligence and is generally acknowledged to involve higher levels of cognition than simply perceptual speed (e.g., Laux and Lane, [@B28]; Piccinin and Rabbitt, [@B37]; Gilmore et al., [@B18]), possibly including inhibitory processes. Lustig et al. ([@B29]), comparing young and older adults\' performance under low- and high-distraction conditions, found that the ability to ignore distracting information is an important factor in DSST and DSST-like measures of processing speed. However, as the authors point out, being able to ignore distractors is not entirely determined by inhibitory control: factors such as visual acuity and gaze control might also play a role. To the best of our knowledge, there has as yet been no study to directly relate processing speed to low-level inhibitory control. Because the present study has been designed to obtain a relatively pure measure of low-level inhibition (behavioral costs on incompatible relative to neutral trials in the 2-alternative version of the masked prime task), it is suitable to address this issue.

Methods {#s1}
=======

Participants
------------

Twenty young (seven male) and 20 older (nine male) healthy participants completed the experiment (see Table [1](#T1){ref-type="table"} for details). Young participants (aged 18--33) were mostly students at the University of Warwick who took part either for course credit or for payment of £6. Older participants (aged 63--81) were members of a volunteer panel who had been recruited through local newspapers and advertisements to join the Warwick Age Study and were paid £10 as a contribution toward their travel expenses. All but one young and two older participants were right handed.

###### 

**Background details (means and standard deviations) of young and older participants, and results of comparisons between age groups**.

  **Variable**                                      **Young**     **Older**     
  ------------------------------------------------- ------------- ------------- ---------------------------------
  Age (years)                                       22.3 (4.3)    70.3 (5.3)    --
  Health[^*a*^](#TN1){ref-type="table-fn"}          4.7 (0.5)     4.1 (0.6)     *t*~(34)~ = 3.23, *p* \< 0.01
  Vocabulary[^*b*^](#TN2){ref-type="table-fn"}      18.5 (4.0)    23.2 (2.8)    *t*~(36)~ = −4.23, *p* \< 0.001
  Speed[^*c*^](#TN3){ref-type="table-fn"}           70.1 (14.9)   50.8 (10.4)   *t*~(36)~ = 4.67, *p* \< 0.001
  Visual acuity[^*d*^](#TN4){ref-type="table-fn"}   7.0 (1.1)     5.1 (1.3)     *t*~(38)~ = 5.06, *p* \< 0.001

*Self-rated health on a 5-point scale (very poor; poor; fair; good; very good); data missing for two young and two older participants*.

Vocabulary from the multiple choice section of the Mill Hill vocabulary test (Raven et al., [@B38]); maximum score = 33; data missing for two young participants.

*Processing speed based on the Digit Symbol Substitution task (Wechsler, [@B66]); data missing for two young participants*.

*Visual acuity as measured by the number of lines read correctly from the Near Vision Test Card (Schneider, [@B51]) viewed at a distance of 16 inches whilst wearing corrective glasses, with scores ranging from 1 (16/160---lowest acuity) to 9 (16/16---highest acuity)*.

Background measures
-------------------

Crystallized intelligence was assessed by the multiple choice section of the Mill Hill vocabulary test (Raven et al., [@B38]), in which participants have to select the best synonym for a target word from a set of six alternatives. Speed of information processing was assessed by the DSST from the Wechsler Adult Intelligence Scale---Revised (Wechsler, [@B66]). Visual acuity was assessed (with glasses if worn) at the beginning of the experiment using the Near Vision Test Card (Schneider, [@B51]). All participants had normal or corrected-to-normal vision according to self-report. The data in Table [1](#T1){ref-type="table"} show the typical pattern reported in the aging literature (e.g., Baltes and Lindenberger, [@B4]; Schneider and Pichora-Fuller, [@B50]) of higher processing speed and visual acuity, but lower crystallized intelligence, in young compared with older adults. Moreover, the DSST means correspond almost exactly with those reported for 20- vs. 70-year-olds (70 vs. 49, respectively) in a meta-analysis of 141 studies by Hoyer et al. ([@B23]), again suggesting that the present samples are representative of their age group.

Stimuli and apparatus
---------------------

Double arrows pointing left, right, up, or down served as primes and targets, and a double plus sign served as an additional neutral prime (see Figure [1](#F1){ref-type="fig"}). Stimuli subtended a visual angle of 1.2° × 0.6° at a viewing distance of approximately 1 m. Masks were constructed from a virtual 8 × 6 grid (2.3° × 1.4°), randomly filled with overlapping horizontal, vertical, and oblique lines of different lengths (0.1°−1.0°; width 0.2°). A new mask was constructed on each trial to avoid perceptual learning of the mask and correspondingly increased prime identification (see Schubö et al., [@B52]; Schlaghecken et al., [@B43]). Stimuli were presented in black on a white background on a 17″ computer screen. A fixation dot (0.1° × 0.1° visual angle), primes and masks appeared in the center of the screen, whereas targets appeared 2.0° above, below, to the left and to the right of the center (i.e., just beyond the area occupied by the mask---see Figure [1A](#F1){ref-type="fig"}). Participants were seated in a comfortable chair in a dimly lit, sound attenuated chamber approximately 1 m in front of a computer screen. They pressed the "2," "4," "6," or "8" key on the number pad of a standard keyboard in response to the corresponding target direction (down, left, right, and up, respectively).

![**(A)** Schematic illustration of a (compatible) trial. **(B)** List of all possible trials in the two 2-alternative (2-alt) choice tasks and the combined 4-alternative (4-alt) choice task.](fnhum-06-00102-g0001){#F1}

Procedure
---------

In experimental sessions lasting up to 1 h, participants first carried out eight blocks of the 2-alternative choice RT task (2-alt), then eight blocks of the 4-alternative choice RT task (4-alt). Immediately after the experiment, background cognitive measures were collected from young participants (this information was already available for older participants from an earlier experiment).

A typical trial sequence is depicted in Figure [1A](#F1){ref-type="fig"}. Trials started with a fixation cross presented for 250 ms, followed by a 650 ms blank screen. A prime was then presented for 33 ms, replaced immediately by a 100 ms mask surrounded by four identical targets. The inter-trial interval between target offset and the next fixation dot was 1300 ms. On compatible trials, prime and target arrows pointed in the same direction, on incompatible trials, they pointed in opposite directions (e.g., left-pointing prime, right-pointing target), and on neutral trials, the prime was a double-plus sign not associated with any response. Trials where prime direction was orthogonal to target direction (e.g., left-pointing prime, upward-pointing target) were considered as filler trials, and were not part of the main analysis.

Participants were instructed to maintain central eye fixation, and to respond as quickly and accurately as possible to the direction of the target arrows by moving the index finger of the right hand from its resting position on the central "5" key in order to press the key indicated by the target arrow direction (down to "2," left to "4," etc.). Participants initially practiced this under the supervision of the experimenter.

The two parts of the experiment differed only regarding the number of different targets presented within a given block (two vs. four), and were identical in all other respects of stimulus presentation (see Figure [1B](#F1){ref-type="fig"}). Specifically, all five different primes---left, right, up, down, neutral---were presented in each block. However, in a 2-alt block, all targets came from only one spatial dimension (i.e., either all horizontal \[left/right\], or all vertical \[up/down\]), whereas in a 4-alt block, targets from both spatial dimensions were mixed. Thus, in effect, each 4-alt block was the combination of one 2-alt horizontal and one 2-alt vertical block.

Responses were expected to be substantially slower in the 4-alt than in the 2-alt task (Hick, [@B21]; Hyman, [@B24]). In order to minimize these RT differences, the eight 2-alt blocks (60 trials each) were presented first. Half of the participants started with a series of four 2-alt horizontal blocks followed by a series of four 2-alt vertical blocks (see Figure [1B](#F1){ref-type="fig"}); for the other half, this sequence was reversed. Forty practice trials were given at the beginning of each series. At the end of the first part, participants were encouraged to leave the experimental room for a short rest period. The second part (again starting with a 40-trial practice phase) consisted of eight 4-alt blocks (60 trials each). An overview of all 20 possible prime-target combinations (5 prime × 4 targets) and their distribution across conditions is provided in Figure [1B](#F1){ref-type="fig"}. Within each block, all prime-target combinations were presented randomly and with equal probability, resulting in 20% compatible, 20% neutral, and 20% incompatible trials, plus 40% filler trials[^2^](#fn0002){ref-type="fn"}.

Data analyses
-------------

Repeated measures analyses of variance (ANOVAs) were performed on mean correct RTs, with the between-subject factor of age (young vs. older), and the within-subject factors of task (2-alt vs. 4-alt) and trial type (compatible vs. neutral vs. incompatible). In all analyses, Greenhouse-Geisser correction to the degrees of freedom was applied where appropriate, and corrected *p*-values are reported. Because of the large RT difference between age groups (see below), priming effects were calculated not as RT differences, but as RT ratios (benefits = neutral RTs : compatible RTs; costs = incompatible RTs : neutral RTs). ANOVAs were performed on priming effects with the between-subject factor of age group, and the within-subject factors of task and type (benefit vs. cost). Follow-up analyses were conducted in the form of *t*-tests.

Additionally, RTs on filler trials relative to compatible and incompatible RTs were analyzed. Note that in the 2-alt task, primes orthogonally oriented relative to the target have the same general stimulus characteristics as compatible and incompatible primes, but have no explicit response assignment. Therefore, they can be expected to produce RTs intermediate between compatible and incompatible RTs (Wilson et al., [@B67]). In the 4-alt task, in contrast, these filler primes do have a response assignment, and therefore should affect the visuo-motor system in the same ways as any other incompatible prime. Analyses were conducted using paired *t*-tests, separately for the 2-alt and the 4-alt task and for both age groups. Overall error rates were extremely low (1--3% on average) and thus were not further analyzed.

Results {#s2}
=======

As can be seen from Figure [2](#F2){ref-type="fig"}, older adults were around 250 ms slower than young adults, \[*F*~(1,\ 38)~ = 68.18, *p* \< 0.001\]. Although RTs were numerically longer with four than with two response alternatives, this difference was not significant, nor did it interact with age, both *F*s \< 1.7, both *p*s \> 0.20. There was a highly significant effect of trial type, as RTs increased from compatible to neutral to incompatible trials, \[*F*~(1,\ 38)~ = 136.67, *p* \< 0.001\]. This priming effect interacted with task (larger priming effects in the 2-alt than in the 4-alt task, \[*F*~(1,\ 38)~ = 18.76, *p* \< 0.001\]), and with age (young adults showing larger priming effects than older adults, \[*F*~(1,\ 38)~ = 3.85, *p* = 0.026\]), but there was no three-way interaction between these factors, *F* \< 1.

![**Mean correct response times (RTs) in ms for young and older adults as a function of trial type, plotted separately for the 2-alternative (2-alt) and 4-alternative (4-alt) choice tasks.** Note that the two y-axes (left: young adults\' mean RTs; right: older adults\' mean RTs) use the same scale, but have a 250-ms onset difference.](fnhum-06-00102-g0002){#F2}

Filler-trial analyses
---------------------

These confirmed our predictions about the impact of a response assignment on priming effects: in the 2-alt task, filler-trial RTs were significantly longer than compatible RTs, and significantly shorter than incompatible RTs, for both young and older adults, all *t*s~(19)~ \> 3.76, all *p*s \< 0.002. Furthermore, the two RT differences (filler RT minus compatible RT, and incompatible RT minus filler RT) were of approximately the same magnitude in both age groups, both *t*s \< 1.16, both *p*s \> 0.25. Filler RTs in the 4-alt task were also significantly longer than compatible RTs for both young and older adults, both *t*s \> 6.90, both *p*s \< 0.001, but in contrast to the 2-alt task, they did not differ significantly from incompatible RTs, both *t*s \< 1.3, both *p*s \> 0.22.

Behavioral benefits and costs
-----------------------------

These are depicted in Figure [3](#F3){ref-type="fig"}, expressed as ratios of compatible (benefits) and incompatible (costs) to neutral trials (rescaled such that 0 rather than 1 indicates equality of antecedent and consequent). Both types of effects were smaller in older than in young adults, \[*F*~(1,\ 38)~ = 17.17, *p* \< 0.001\]. However, this age difference was far more pronounced for costs than for benefits, as indicated by a significant Age × Type interaction, \[*F*~(1,\ 38)~ = 10.38, *p* \< 0.001\]. Follow-up *t*-tests confirmed that whereas benefits did not differ significantly between young and older adults, both *t*s \< 1.7, both *p*s \> 0.11, costs did, both *t*s \> 3.66, both *p*s \< 0.001. Furthermore, overall costs were larger than overall benefits, \[*F*~(1,\ 38)~ = 23.86, *p* \< 0.01\], and priming effects were overall larger in the 2-alt than in the 4-alt task, \[*F*~(1,\ 38)~ = 5.49, *p* = 0.024\]. These two effects interacted significantly, as the cost-benefit difference was much larger in the 2-alt than in the 4-alt task, \[*F*~(1,\ 38)~ = 20.74, *p* \< 0.001\]. Specifically, whereas benefits remained largely unaffected by the number of response alternatives (2-alt vs. 4-alt: *t*~(19)~ \< 1.6, *p* \>.13, for both young and older adults), costs were substantially reduced with larger numbers of response alternatives in both young and older adults, both *t*s \> 3.7, both *p*s \< 0.001[^3^](#fn0003){ref-type="fn"}. Neither the main effect of task, nor the Type × Task interaction, interacted with age, both *F*s \< 1.9, both *p*s \> 0.18.

![**Benefits (neutral RT : compatible RT ratio minus 1) and costs (incompatible RT : neutral RT ratio minus 1) for young and older adults in the 2-alt and 4-alt choice tasks.** Error bars represent standard errors.](fnhum-06-00102-g0003){#F3}

Next, we conducted multiple regression analyses to examine whether the four priming effects (behavioral benefits and costs in the 2-alt and 4-alt tasks) were independently predicted by any of the background measures (age, visual acuity, vocabulary, and DSST score). The overall regression models were not significant for either 2-alt benefits, adjusted *R*^2^ = −0.041; *F* \< 1, or 4-alt benefits, adjusted *R*^2^ = 0.057; \[*F*~(4,\ 33)~ = 1.56, *p* \> 0.2\]. However, for 2-alt costs, the overall model was highly significant, adjusted *R*^2^ = 0.573; \[*F*~(4,\ 33)~ = 13.44, *p* \< 0.001\], with DSST alone making an independent contribution to the variance, *t* = 4.59, *p* \< 0.001, such that faster processing speed (higher DSST score) was associated with greater reciprocal inhibition (larger behavioral costs; see Figure [4](#F4){ref-type="fig"}). The overall model for 4-alt costs was also significant, adjusted *R*^2^ = 0.288; \[*F*~(4,\ 33)~ = 4.74, *p* \< 0.005\], but no measure made a significant independent contribution to the variance (DSST being closest at *t* = 1.61, *p* = 0.12). In other words, with age, visual acuity, and vocabulary already taken into account, DSST significantly predicted behavioral costs in the 2-alt task.

![**Scatterplot of DSST scores and costs (incompatible RT : neutral RT -1) in the 2-alt task, plotted for young (solid trend line) and older (dashed trend line) participants**.](fnhum-06-00102-g0004){#F4}

Discussion {#s3}
==========

Comparing performance in a masked prime task with two and four response alternatives (2-alt vs. 4-alt), the present experiment aimed to confirm that prime-induced motor activation and inhibition processes can be dissociated, and to examine the effect of aging on these separate components. Results replicated the findings of Schlaghecken et al. ([@B44]; Exp. 1): (1) relative to neutral trials, masked primes triggered behavioral benefits on compatible and costs on incompatible trials (PCE); (2) in the 2-alt task, costs were noticeably larger than benefits, possibly because with the stimuli employed in the present experiment, unspecific motor activation triggered by neutral primes (plus signs) is stronger than unspecific activation triggered by arrow primes, leading to a shortening of RTs on neutral-prime trials relative to arrow-prime trials (e.g., Hasbroucq et al., [@B19]); (3) overall, the PCE was smaller in the 4-alt than in the 2-alt task; and (4) this effect was entirely driven by a reduction of costs with increasing number of response alternatives, whereas the magnitude of benefits was unaffected by this manipulation. The results thus confirm the notion that whereas (compatible-trial) priming benefits measure direct prime activation, (incompatible-trial) priming costs measure the separate and dissociable process of indirect reciprocal competitor inhibition. Importantly, these patterns were observed for both young and older adults, despite the overall differences in response speed (RTs) and competitor inhibition (behavioral costs).

Reciprocal competitor inhibition is assumed to differ from top-down inhibitory control in that it is low-level, automatic, and feed-forward, aimed at fine-tuning the ongoing response execution through the prevention of incorrect response activations (rather than through the suppression of an already activated incorrect response; e.g., Burle et al., [@B8]; Duque et al., [@B12]; Tandonnet et al., [@B60]). Yet as demonstrated by Meynier et al. ([@B32]), this type of inhibition is not hard-wired, but is established in a flexible, task-dependent way. The aim of the present study was to investigate (a) the effect of aging on this type of inhibition, and (b) its possible relationship to speed of processing. Results clearly demonstrated that in the masked prime task, aging selectively affects reciprocal competitor inhibition, not prime-induced motor activation: behavioral costs were much smaller in older than in young adults, whereas behavioral benefits were of similar magnitude. This pattern is in line with the notion that unlike top-down, cue-related activation (e.g., Sterr and Dean, [@B54]), low-level, prime-induced motor activation remains stable across the adult lifespan (e.g., Schlaghecken and Maylor, [@B48]), whereas reciprocal inhibitory links in the motor response system deteriorate with advanced age (e.g., Hortobágyi et al., [@B22]).

It is probably worth noting that in the present experiment, age-related reductions in inhibitory efficiency are reflected in *smaller* interference effects in older compared to young adults, whereas typically, they are reflected in *larger* effects. For instance, in classical response conflict paradigms like the Simon or the Eriksen flanker task, where on incompatible trials an automatically activated incorrect motor response interferes with the execution of the correct response, older participants typically show larger interference effects than young participants, suggesting that their inhibitory control mechanisms are less efficient in overcoming the incorrect response tendency (e.g., van der Lubbe and Verleger, [@B63]). Those tasks, however, differ from the present one in a crucial aspect: they measure reactive or top-down inhibition of a response that has already been activated. Thus, the less effective the inhibition, the stronger the interference from this inappropriate response. The present task, in contrast, measures the reciprocal inhibition of a response that has not yet been activated. Consequently, the less effective this inhibition, the less this response channel will be deactivated below baseline levels, and the less the execution of this response will be delayed. One might argue, of course, that reactive inhibition of an incorrectly activated response does play a role in the present task as well. However, one needs to keep in mind that because primes were masked, and therefore only of limited accessibility to conscious or high-level control processes, it is likely that frontally mediated top-down inhibition of the incorrect (incompatible) motor activation will have played only a relatively minor role in the current task (e.g., Dehaene et al., [@B11]; Schlaghecken et al., [@B42]).

This is not to say that frontal areas are not involved in non-consciously triggered control processes at all. Specifically, the supplementary motor areas (SMA/pre-SMA) have been shown to be directly related to priming effects in the masked prime task (Sumner et al., [@B57]; van Gaal et al., [@B64]), and even the anterior cingulate cortex---one of the central structures in high-level cognitive control---has been shown to respond to stimulus irregularities (Ursu et al., [@B61]) and response errors (Nieuwenhuis et al., [@B35]) of which participants are not consciously aware. It seems tempting to speculate whether these apparent separate forms of inhibitory control are merely increasingly complex or wide-spread instantiations of the same underlying basic process of reciprocal inhibition. Future research will undoubtedly explore this issue in more detail, specifically with regard to inhibitory dysregulation in psychological and neurological disorders and in normal aging.

The present study provides one step in this direction, as it demonstrated that the strengths of reciprocal inhibitory links might be related to the general speed of information processing. Independent of age, visual acuity, and crystallized intelligence, processing speed (as measured by DSST scores) positively predicted competitor inhibition (as measured by the magnitude of behavioral costs in the 2-alt masked prime task). To the best of our knowledge, this is the first time that direct evidence has been provided that performance in the DSST is associated with low-level inhibitory control. Performance in processing speed tasks has previously been linked to the ability to ignore distracting information (Lustig et al., [@B29]), an ability strongly associated with prefrontal lobe functions (e.g., Everling et al., [@B16]). However, the present results---while generally supporting the notion of a relationship between DSST performance and inhibition---suggest that this relationship might be mediated by more basic processes than top-down inhibitory control. One possible interpretation is that more efficient reciprocal inhibition of competing response alternatives allows for generally faster response execution (recall that mean RTs in the priming task were approximately 250 ms shorter in young than in older participants), resulting in the ability to produce more responses within a given amount of time. This interpretation, however, seems somewhat simplistic, and does not fit well with the present data: if faster response execution due to reciprocal inhibition accounts for improved DSST performance, then DSST scores should have been negatively correlated with RTs, particularly on compatible trials, where the "foregrounded" response has to be executed. This was not the case (all *r*s \< 0.40, all *p*s \> 0.08), suggesting that DSST scores are not merely a function of efficient motor execution. Alternatively, one might assume that the same neural mechanism that instantiates reciprocal inhibition in the motor system produces the attentional focus needed in the DSST and similar processing speed tasks. Again, future research will have to investigate this issue more directly.
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^1^It might be interesting to note that Sumner et al. ([@B57]) found evidence that pre-SMA also plays a role in generating the second, NCE phase of masked prime effects.

^2^The large number of filler trials is an unfortunate side effect of two constraints: (a) primes had to be non-predictive of the upcoming target, because even with subliminal presentation, priming effects are modulated by the primes\' predictiveness (see Klapp, [@B26]). This means that in the 4-alt blocks, a left-pointing prime, for instance, had to be followed with equal probability by a left-, a right-, an up-, and a down-pointing target; and (b) the relevant manipulation in this experiment was the number of possible targets within a block (two vs. four), so consequently, all other factors---particularly the relative frequency of different prime-target combinations---were kept identical between conditions.

^3^A block-wise analysis of costs showed no gradual decrease in costs over time: costs remained constant throughout the first half of the experiment (2-alt task), then dropped sharply and stayed at the new lower level throughout the second half (4-alt task), thus confirming that the difference in cost magnitude between 2- and 4-alt tasks was not simply due to fatigue.
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